Bulk metallic glasses have been formed over a fairly wide composition range (54-62 at.% Ni, 32-36 at.% Nb, and 3-11 at.% Sn) in the Ni-Nb-Sn ternary system. Partial substitution of Co for Ni and Hf for Nb improves the glass-forming ability, eventually leading to 4 mm glassy rods at the Ni 56 Co 3 Nb 28 Hf 8 Sn 5 composition. The positive effects of these alloying elements have been explained based on a systematic monitoring of the amount and morphology of the competing crystalline phases as a function of the Co and Hf contents.
I. INTRODUCTION
The Ni-Nb binary system is well known to exhibit good glass-forming ability (GFA).
1,2 Bulk metallic glasses (BMGs) with a critical size (D c ) of about 1 mm diameter can be fabricated using conventional copper mold casting in this system. 3, 4 Starting from the binary BMG, the GFA was improved through a simple multicomponent substitution approach to increase the D c to 2 to 3 mm, such as in Ni(Co, Cu)-Nb(Ti, Zr, Hf) [5] [6] [7] and NiNb(Ta) 8 systems. Another route is to add Sn into the binary base alloy. The Ni-Nb-Sn ternary system contains a eutectic (L → Ni 3 Nb + Ni 6 Nb 7 + Ni 2 NbSn) much deeper than that in the Ni-Nb binary [the eutectic temperature (T eut ) for the ternary is about 85 K lower than that for the binary]. 9 The GFA is thus increased, as indicated by the successful fabrication of fully glassy rectangular strips up to 3 mm in casting thickness. 9 The constituents exhibit strong attractive interactions 10 : recently the density of the binary and the ternary alloy was measured to be about 6% and 9% higher, respectively, than that for the ideal mixing of elements.
Among the BMGs, Ni-based alloys are particularly interesting because of their ultrahigh fracture strength (even higher than 3 GPa), high thermal stability, good corrosion resistance, and excellent wear resistance. 5, [11] [12] [13] [14] Unfortunately, its D c remains [15] [16] [17] significantly below those of the other BMGs based on other engineering metals such as Fe, [18] [19] [20] Cu, [21] [22] [23] Mg, 24 let alone those based on noble metals (Pd 25 and Pt 26 ) or early transition metals (Zr 27, 28 or rare earth 29, 30 ). It is thus important to further explore the effects of alloying elements on the GFA of Ni-based BMGs. Since the GFA of the alloy in a given system can be strongly compositiondependent, 31, 32 it has been a challenging problem to optimize the easy glass-forming composition in a system with more than three constituents. Recently, a new approach to pinpoint the best glass former in three dimensions (3D) composition space was established. 24, 33 Adopting this "3D pinpointing approach," record-size BMGs in Mg-based 24, 34 and Cu-based 22 quaternary systems have been discovered. Such a methodology is yet to be applied to Ni-based systems.
The purpose of this paper is threefold. First, the composition-dependent GFA in the Ni-Nb-Sn ternary system is revisited, starting from Choi-Yim's alloy (Ni 59.5 Nb 33.6 Sn 6.9 ). 9 We will demonstrate a wide range of compositions within which 2-mm BMGs can be produced. Second, Co was selected to substitute for Ni, and the best BMG-forming alloy was located in the Ni-CoNb-Sn quaternary system using the "3D pinpointing approach." Hf was then used to partially substitute for Nb in the quaternary alloy to further improve GFA. The third aspect, which is one of the highlights of this work, is a systematic characterization of the microstructure (phase identification, composition, morphology, and volume fraction) of the competing crystalline phases as a function of the concentration of the substituting elements. The detailed information regarding phase selection and morphology is used to establish the correlation between the BMG-forming composition and the eutectic reaction that the liquid undergoes during cooling with and without the substituting elements, and in particular to uncover the exact role that the Co and Hf substitutions played in promoting the GFA. This comprehensive monitoring of phases/microstructure sets this work apart from most previous studies, where the effects of substituting elements were often explored on trial-and-error basis or reported without explanation. [5] [6] [7] [8] 
II. EXPERIMENTAL
Elemental pieces with purity better than 99.9 wt% were used as starting materials. The master alloys with the nominal composition (in atomic percentage) were prepared by arc melting under a Ti-gettered argon atmosphere in a water-cooled copper hearth. The alloy ingots of 25 g in weight were melted several times to ensure compositional homogeneity. For the bulk samples with a diameter between 2 and 4 mm, the master alloy was remelted in a quartz tube using induction melting and injected in a purified inert atmosphere into the copper mold that has internal rod-shaped cavities of about 50 mm in length.
The cross-sectional surfaces of the as-cast rods were analyzed by x-ray diffraction (XRD) using a D/max 2400 diffractometer (Rigaku, Tokyo, Japan) with monochromated Cu K ␣ radiation. The morphology of cross sections for the arc melted ingots was observed by using a scanning electron microscope (SEM; Philips XL30, The Netherlands). The local compositions were semiquantitatively determined using an energy-dispersive x-ray spectrometer (EDX) attached to the SEM. The microstructures were also analyzed using JEM-2010 (JOEL, Tokyo, Japan) transmission electron microscope (TEM). TEM samples were mechanically polished and then thinned by ion milling using purified argon.
The glass transition, crystallization, and melting behavior of as-cast glassy samples were investigated using a Netzsch differential scanning calorimeter (DSC 404 C Pegasus, NETZSCH-Gerätebau GmbH, Bayern, Germany) with alumina container at a heating and cooling rate of 20 K/min under flowing purified argon after being evacuated to a vacuum of ∼10 −3 Torr. A preheating run up to the temperature between glass-transition temperature (T g ) and onset crystallization temperature (T x1 ) was used to remove the irreversible relaxation. A second run under identical conditions was used to determine the baseline after each run. To confirm the reproducibility of the experimental results, at least three samples have been measured for each composition. All the T g and T x1 measurements were reproducible within the error of ±2 K. The heat of crystallization ⌬H x for the glassy phase was determined by integrating the area under the DSC curve.
III. RESULTS
A. Compositional dependence of the BMG formation in the Ni-Nb-Sn ternary system Figure 1 displays the BMG-forming composition map for 2-mm-diameter as-cast rods. The selected triangular region is enclosed by three compounds Ni 3 Nb, Ni 6 Nb 7 , and Ni 2 NbSn. In the map, the open, half open, and solid symbols represent crystalline, partially amorphous, and fully amorphous phases, respectively. The BMG-forming compositions for D c ‫ס‬ 2 mm fall within the region of 54 to 62 at.% Ni, 32 to 36 at.% Nb, and 3 to 11 at.% Sn. For comparison, Choi-Yim's alloy is marked with a diamond, which is located at the boundary of our zone for D c ‫ס‬ 2 mm. Though the 2-mm BMG formation zone is wide, fully amorphous samples were not obtained for the 3-mm-diameter rods at any of these 23 compositions (only a small amount of glassy phase appeared at the outer layer of the rods). Figure 2( Sn 9 . No Bragg peaks from any crystalline phase are detectable, but a broad diffusive diffraction maximum at 2 ‫ס‬ 35 to 50°, indicating the formation of monolithic metallic glasses. The corresponding DSC scans are given in Fig. 2(b) . In all cases, sharp exothermic crystallization peaks are observed, as well as clear endothermic events associated with the glass transition. For all these glasses, crystallization occurs through multiple steps. The glass-transition temperature T g and the onset temperature of the first exothermic peaks T x1 are marked with arrows on each curve. The measured thermal properties are listed in Table I . Note that both T g and T x1 shift to a lower temperature as the Sn content in the alloy is increased, from 890 and 924 K at 3 at.% Sn down to 868 and 906 K at 9 at.% Sn for T g and T x1 , respectively. The width of the supercooled liquid region (⌬T x ‫ס‬ T x1 − T g ) for these BMGs is insensitive to the composition variation, remaining around 35 K. Compared with the Ni(Pd)-P (T x1 ≈ 680 K), 1 7 Ni-B(T x 1 ≈ 810 K), 3 5 Ni-(Zr,Ti)-(Al, Si, Cu, Pd) (T x1 ‫ס‬ 800 to 850 K) 16, 36, 37 based BMGs, Ni-Nb-Sn-based BMGs exhibit higher thermal stability. Figure 3 (a) displays the DSC curves during heating and cooling in the temperature range near the melting temperature for the Ni 65−x Nb 35 Sn x (3 ഛ x ഛ 11) series alloys (the Nb content is fixed at 35 at.%). This series of compositions is marked as a dash line in Fig. 1 . As seen from Fig. 3(a) , the onset temperature of melting (T m , marked with an arrow on each curve) for all the alloys is nearly the same, indicating that alloy melts undergo an identical eutectic reaction during solidification. However, the end temperature of the melting event (defined as the liquidus temperature, T L , marked with an arrow on each curve as well) strongly depends on the Sn content, decreasing dramatically with increasing the Sn concentration. Note that only a single melting event (and a single solidifying process) happens at the Ni 54 Nb 35 Sn 11 composition, over a rather narrow temperature span of about 19 K. This observation suggests that this composition can be approximately defined as the ternary invariant eutectic point for the reaction (L → Ni 3 Nb + Ni 6 Nb 7 + Ni 2 NbSn) (see below). We have to emphasize that the eutectic point was believed to be at Ni 60 Nb 29 Sn 11 in Ref. 9 . The DSC curve for this alloy is revisited, as shown as Fig. 3(b) . Three main events are clearly visible during either melting or solidifying, indicating that this is not a eutectic composition. It is explained later in this article that the solidification pathway of this alloy actually follows the sequence: primary crystallization of Ni 3 Nb or Ni 2 NbSn (so far uncertain), then univariant eutectic (Ni 3 Nb + Ni 2 NbSn), and finally ternary invariant eutectic (Ni 3 Nb + Ni 6 Nb 7 + Ni 2 NbSn) reaction.
DSC measurements for the melting behavior were carried out for most of the alloys within the investigated composition range shown in Fig. 1 . Using the data of T m and T L from 25 compositions, 3D liquidus and solidus surfaces of the system are created, as drawn in Fig. 4 . The T m of all the alloys is nearly the same within experimental error, suggesting that all of these alloys undergo an identical ternary eutectic reaction. The invariant eutectic temperature T eut was determined to be 1366 ± 2 K. It is in agreement with the value (T eut ‫ס‬ 1363 K) from Ref. 9 . In contrast, the liquidus surface exhibits a fairly steep descent toward the eutectic point, reflecting a relatively deep eutectic feature of the system. The slope of the liquidus, starting from the melting point of Ni 3 Nb at 1672 K, is 17.2 K/at.%, steeper than the 14.2 K/at.% for the binary eutectic (L → Ni 3 Nb + Ni 6 Nb 7 ). The optimal BMG-forming composition zone is drawn as a red circle on the bottom projection in Fig. 4 . It is seen that this zone is off-eutectic toward the Sn-lean side, the side with a steeper liquidus slope. Such off-eutectic glass-forming regions have been explained previously in terms of the coupled eutectic zone concept. 38, 39 The reduced glass-transition temperature T rg (T rg ‫ס‬ T g /T L ) is calculated for the typical ternary BMGs and listed in Table I as well, together with the T L for each alloy. Although the T rg increased slightly from 0.58 at 3 at.% Sn up to 0.60 at 9 at.% Sn, there is no significant difference for the GFA among these alloys.
B. Optimizing the GFA in the Ni-Co-Nb-Sn quaternary system using the "3D pinpointing approach"
Starting from the BMG-forming composition zone in the ternary, Co was introduced to substitute for Ni to enhance the GFA. In light of the similarity in chemistry and atomic size between Ni and Co, the Ni-Co-Nb-Sn quaternary was treated as the (Ni, Co)-Nb-Sn pseudoternary. The optimal BMG-forming composition was located in the 3D composition space following the stepwise navigation protocol using the "3D pinpointing approach." Several consecutive compositional planes were examined, each with a fixed Co-to-Ni ratio expressed as Ni 1−x Co x (x ‫ס‬ 0.05, 0.1, 0.125, 0.15, respectively). This size remains unchanged when the Co-to-Ni ratio increased to x ‫ס‬ 0.15, but to maintain this D c it was necessary to simultaneously tune the concentrations of Nb and Sn, moving away from the Nb-rich side when x was increased. With the composition interval of 1 at.%, a total of eight alloy compositions were found to have nearly equivalent GFA (D c ‫ס‬ 3 mm). The optimal ratio of Co to Ni is located at x ‫ס‬ 0.125, see Fig. 5(c) .
Figures 6(a) and 6(b) display the XRD patterns and DSC scans, respectively, for the 3-mm-diameter as-cast BMGs selected from each plane. Similar to the Co-free ternary BMGs, the crystallization was completed through multiple steps in all cases, showing at least three sharp TABLE I. Thermal properties of Ni-Nb-Sn based BMGs fabricated using copper mold casting, determined using DSC at a heating rate of 20 K/min. exothermic peaks in the DSC scans, as seen in Fig. 6(b) . With the increasing of Co content, the second crystallization peak around 950 K fades away and finally disappears when Co content reached 9 at.%. It was noticed that the supercooled liquid region, ⌬T x , for these quaternary BMGs is ∼10 K larger than those of the ternary ones. This is consistent with the finding that the substitutional alloying with Co results in an enhancement of the GFA. Figure 7 shows the DSC curves during heating and cooling near and above their melting temperature for the Co-containing BMGs, corresponding to the alloys in Fig.  6 . A curve for a ternary alloy Ni 60 Nb 33 Sn 7 (x ‫ס‬ 0) is plotted together to compare with the corresponding quaternary alloy Ni 51 Co 9 Nb 33 Sn 7 . For all of the quaternary alloys, the melting or solidifying curves contain three events, indicating that none of them is situated at either an invariant eutectic point or in a univariant eutectic grove. Compared with the ternary, the T m of the quaternary alloys remains unchanged at around 1370 K. The T L of the alloys with 3 to 9 at.% Co is around 1465 K. However, with respect to the Ni 60 Nb 33 Sn 7 ternary, the T L of the Ni 51 Co 9 Nb 33 Sn 7 quaternary is lowered by 24 K, from 1491 down to 1467 K, providing the evidence that alloying with Co stabilizes the liquid. The thermal properties obtained form DSC measurements, including T g , T x1 , ⌬T x , ⌬H x , T m , T L , and calculated T rg values, are also listed in Table I Figure 8 displays the XRD patterns taken from the cross-sectional surface of these as-cast alloys. As the Hf content was increased in the range of 2 ഛ y ഛ 6, the intensities of the diffraction peaks from the Ni 3 Nb and Ni 6 Nb 7 crystalline phases were gradually reduced, indicating that the formation of these intermetallics was frustrated due to the presence of Hf. When the content of Hf was increased to 8 at.%, diffraction peaks from the crystalline compound is no longer detectable beside the broad diffusive diffraction maximum at 2 ‫ס‬ 35 to 50°, indicating that a monolithic metallic glass can be formed at this size. However, on further increasing the Hf content up to 10 at.%, the GFA was degraded again. New diffraction peaks from unidentified crystalline phase (not consistent with Ni 3 Nb, Ni 6 Nb 7 , or Ni 2 NbSn) appeared. This indicates that at sufficiently high Hf content new crystalline phases emerge to compete with the glass formation. Figure 9 shows a DSC scan of the Ni 56 Co 3 Nb 28 Hf 8 Sn 5 as-cast 4 mm diameter BMG, together with a scan for the 1 mm diameter BMG of the identical composition for comparison. Unlike the Ni-Co-Nb-Sn quaternary glasses shown in Fig. 6(b) , there are two sharp crystallization peaks in the scan. The width of the supercooled liquid region, ⌬T x , is extended to 55 K, wider by 10 K with respect to the Hf-free Ni-Co-Nb-Sn BMGs. The ⌬H x value of 1-and 4-mm BMGs is determined to be 6.5 and 6.4 kJ/mol, respectively. This agreement within experimental error confirms complete glass formation in the 4-mm-diameter as-cast rod. The inset in Fig. 9 shows DSC curves associated with the melting and solidifying events for the Ni 56 Co 3 Nb 28 Hf 8 Sn 5 BMG. In both cases, two events are observed, indicating that the alloy is at an off-eutectic composition. The T g , T x1 , ⌬T x , T m , T L , T rg , and ⌬H x obtained from DSC measurements are included in Table I as well. In contrast to the Ni-Co-Nb-Sn quaternary glasses, the T m of the Hf-alloyed BMG is higher by 15 K, but T L is lowered by 40 K, resulting in a slight increase of T rg value to 0.61. The increase of ⌬T x and T rg is consistent with an enhancement of the GFA of the alloy because of Hf substitution.
D. BMG formation correlated with eutectic reaction and the effects of alloying elements on solidification behavior
The cooling rate for the arc melted BMG-forming alloy ingot was estimated to be around 1 K/s. 40 When this cooling rate is used, the solidification microstructure of the ingot can be directly correlated with the phase selection when the alloy melt crystallizes before freezing into a glass, i.e., its nonequilibrium solidification pathway prior to glass formation. In the current work, the phases present and their morphology in the arc melted Ni-NbSn alloys with or without Co and Hf are characterized in detail to reveal the role Co and Hf played in affecting the solidification pathway. Figure 10 illustrates the XRD patterns taken from the cross-sectional surfaces of the arc melted ingots, for Ni 59 Nb 35 Figures 11(b) , 11(d), and 11(f) are the high-magnification images for the boxed areas in Figs. 11(a) , 11(c), and 11(e), respectively. These surfaces were polished for SEM observations, which revealed that the microstructure was uniform throughout the sample. The chemical compositions of the phases exhibiting different contrast were determined using EDX analysis from the average of at least five measurements, as listed in Table II . The results are consistent with the phase identifications from the XRD experiments. As marked (A 1 ) in Fig. 11(a) , the acicular (darker) phase (about 5-10% in volume fraction) distributed in the matrix, with 10-50 m in width and 0.1-1 mm in length, is the Ni 3 Nb phase precipitated as the primary phase. The rest (the matrix) was found to contain three phases when observed at high magnification, marked as A 1 , B 1 , and C 1 in Fig. 11(b) . They are, respectively, the acicular Ni 3 Nb (finer than primary phase), Ni 6 Nb 7 (gray), and dendritic Ni 2 NbSn (lighter). Such a microstructure is typical of the morphology observed for nonfacettedfacetted eutectics (such as Al-Si or Fe-C binary). 41 In addition, it was noticed that Sn has a large solubility (∼7%) in the Ni 6 Nb 7 binary compound.
The arc melted Ni 51 Co 9 Nb 33 Sn 7 quaternary alloy exhibits a similar microstructure, as shown in Figs. 11(c and 11(d). The acicular Ni 3 Nb phase remains as the primary phase. However, the eutectic matrix was significantly refined when compared with the ternary case. Moreover, it was found that the Co exhibits a larger solubility in all the three phases, Ni 3 Nb, Ni 6 Nb 7 , and Ni 2 NbSn (see Table II ), marked as A 2 , B 2 , and C 2 in Fig.  11(d) , respectively. Apparently, the Co dissolved in the three phases retards the coupled growth of the eutectic Different from the ternary and quaternary, the primary phase Ni 3 Nb is absent in the Hf-containing quinary alloy (Ni 56 Co 3 Nb 28 Hf 8 Sn 5 ), as demonstrated in Figs. 11(e) and 11(f). The eutectic microstructure was so refined that it is unable to resolve the layered structure in the SEM images. Consequently, the Hf addition not only suppresses the formation of the Ni 3 Nb phase, but also probably plays a role in slowing down the coupled growth of the eutectic structure. The lattice parameters for this phase were determined to be a ‫ס‬ 0.509 nm and c ‫ס‬ 2.799 nm, slightly larger than those of standard binary compound (a ‫ס‬ 0.489 nm and c ‫ס‬ 2.66 nm). This lattice expansion is caused by the relatively large Sn solutes dissolved in this phase. The C 1 area is indexed to be fcc Ni 2 NbSn ternary compound with a ‫ס‬ 0.616 nm, from its SAED pattern taken along the [100] axis. These findings are consistent with the results from the XRD analysis and SEM observations. In the arc melted ingot, the liquid of the BMG-forming alloy undergoes the ternary invariant eutectic reaction (L → Ni 3 Nb + Ni 6 Nb 7 + Ni 2 NbSn) as the cooling rate was not sufficiently high to form the glass.
As seen Fig. 12(b , the same as that in the Ni-Nb-Sn ternary. The difference is that the coupled growth of the three phases is markedly limited in the quinary system. This is directly correlated with the GFA increasing in the quinary alloy with respect to the Ni-Nb-Sn ternary.
IV. DISCUSSION
It is well understood that the formation of metallic glass competes with the crystallization of the undercooled melt. For a given lower-order alloy system, it is necessary to improve the GFA either by stabilizing the liquid or by destabilizing the competing crystalline phases that are usually intermetallics. To date, it has been a conventional approach to design multicomponent alloy system via further introducing additional elements. However, the effect of an additional component should be carefully assessed by comparing the best glass former of lower-order alloy system (for example, the ternary alloy system) with that in the higher-order (e.g., the quaternary) system. Our previous work for adding Ni to the Mg-Cu-Y ternary system 33 indicates that before locating the optimal BMG-forming composition in the ternary system, it is uncertain to judge the effect of the fourth component on the GFA (favorable or adverse). Consequently, it remains necessary to locate the best glass former in a lower-order alloy system through the composition pinpointing before introducing an additional component. In the current case, we have uncovered the full potential of the Ni-Nb-Sn base system. The D c in this alloy system is determined to be 2 mm, more than 20 alloys form a 2-mm zone located at off-eutectic compositions. In addition, it was noticed that the composition dependence of the GFA alloy on the Ni (or Nb) concentration is stronger than on the Sn concentration.
Using the center of the 2-mm zone as the starting point, Co was introduced to partially substitute for Ni, leading to an increase of D c from 2 to 3 mm. The positive effects of Co may be understood in qualitative terms. The Ni-Co binary system has a nearly zero heat of mixing in the liquid state without any intermetallics that could compete with the glass formation. Meanwhile, Co has nearly the same atomic radius as Ni (r Co ‫ס‬ 0.128 nm and r Ni ‫ס‬ 0.128 nm). In the resulting Ni-Co-Nb-Sn alloy, Co is supposed to substitute for Ni in the atomic configuration of the original Ni-Nb-Sn alloy. For the latter system, the primary crystalline phase is orthorhombic Ni 3 Nb. We note that in equilibrium the Co 3 Nb (hexagonal MgNi 2 -type) has a different structure. The addition of Co thus causes confusion to frustrate the crystallization process and favors glass formation. As seen in Fig. 10 , for the Co-containing alloy, the diffraction intensity of the competing Ni 3 Nb phase in the XRD pattern was found to decrease.
We observed that GFA increased further after partial substitution of Hf for Nb, on the basis of the Ni-Co-NbSn system, leading to the improvement of D c to 4 mm. The positive effects of Hf can be understood as follows. On the one hand, the Hf addition has stabilized the supercooled liquid, as evidenced by the reduction of the T L by as much as ∼40 K. The ⌬T x increased as well, by 10 K with respect to the Hf-free Ni-Co-Nb-Sn BMGs. This is because Hf has a negative heat of mixing in the liquid state with Ni, Co, Sn, and Nb (−42, −35, −35, and −4 kJ/mol, 42, 43 respectively). The strong interactions favor short-range order and the formation of clusters in the undercooled liquid, lowering its energy. 44 On the other hand, the presence of Hf has clearly frustrated the growth of the competing crystalline phases: the structure of the arc melted master alloy was drastically refined after introducing Hf, and the suppression of the competing Ni 3 Nb compound is obvious in the XRD patterns. The frustration effect can be attributed to the large atomic radius of Hf (r Hf ‫ס‬ 0.167 nm), as compared with the others (r Nb ‫ס‬ 0.146 nm and r Sn ‫ס‬ 0.162 nm). The solubility of Hf in the competing phases is limited because of the large size difference, as seen in Table II . For crystallization upon cooling, Hf atoms have to be redistributed. The long-range diffusion of the relatively large Hf atoms is kinetically difficult, slowing down the growth rate of the crystal nuclei. As such, Hf has an obvious effect in refining the competing crystalline phases.
In general, the BMG formation can be promoted via substitutional alloying with Co and Hf in the Ni-Nb-Sn parent ternary alloys. The role that Co and Hf played was revealed to correlate with the limitations on eutectic growth kinetically controlled by diffusion, which is in agreement with the idea set forth earlier by Boettinger.
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V. CONCLUSIONS
A wide composition zone has been identified in which Ni-Nb-Sn ternary alloys can be cast into 2-mm fully glassy rods. This zone lies at off-eutectic compositions on the side with the steeper liquidus slope. The glassforming ability can be improved by partial Co substitution for Ni, and the maximum D c is determined to be 3 mm for the pseudo-ternary (Ni, Co)-Nb-Sn alloy system through the "3D pinpointing approach." Further substitution of Hf for Nb led to the increase of D c up to 4 mm at Ni 56 Co 3 Nb 28 Hf 8 Sn 5 . Both Co and Hf were found to stabilize the undercooled melt.
A series of XRD, SEM, and TEM experiments have been performed to identify the competing phases and to monitor the effects of the alloying elements on the selection and morphology of these competitors to glass formation. This allowed us to conclude that the alloying substitution did not affect the phase selection in the eutectic reaction related to glass formation, although the component number was increased in the system, and attribute to the beneficial effects of Co and Hf on glassforming ability to their role in suppressing the formation of the competing intermetallic phase such as Ni 3 Nb.
